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Abstract—This paper presents finite element simulation and 
experimental results for a 60 MHz contour-mode piezoelectric 
MEMS resonator. The device which operates at the 5th order 
lateral bulk modal frequency was fabricated using the 
PiezoMUMPs MPW process which consists of a 0.5 µm AlN 
layer over an SOI structure having a thickness of 10 µm.  The 
simulated and experimental values for the quality factor are 
2,824 and 3,153 respectively, which compare favorably with 
similar contour mode resonator designs employing AlN as a 
piezoelectric material. The effect of temperature on the resonant 
frequency and the quality factor has been analyzed in detail. The 
viability of implementing thermal and voltage tuning techniques 
has been investigated and a comparison of results is presented. 
Experimental results indicate a frequency variation of 162 kHz 
over a temperature range of 278-358 K for thermal tuning, while 
a frequency variation of 30 kHz is obtained over a voltage range 
of 9 V in the case of voltage tuning. 
Keywords— PiezoMUMPs, AlN, MEMS resonator, 
frequency tuning. 
I. INTRODUCTION  
A. Background 
MEMS resonators operating in the lateral-mode and with 
piezoelectric actuation, have been successfully implemented 
with applications including filters and clock generators as a 
replacement of the quartz crystal component. These MEMS 
components can be effectively integrated within low power 
and low-noise oscillators [1,2,3]. Yet, the shift in the resonant 
frequency due to environmental conditions such as 
temperature and pressure variations, or fabrication process 
tolerances such as those due to geometrical dimensions and 
material properties variations is still considered to be a 
drawback for MEMS resonators [4]. Therefore, the capability 
of fine tuning the frequency of a resonator is an important 
feature in some high precision applications [1]. Fine frequency 
tuning can be achieved using voltage and thermal tuning. 
The temperature dependent frequency shift has already 
been investigated in micro-ovenized aluminum nitride (AlN) 
lateral contour-mode MEMS resonators [3]. Based on the 
same idea, using the PiezoMUMPs technology, a heater 
element has been integrated in the body of the resonator [5]. 
       Fig. 1 shows a simplified schematic of the proposed 
design. The device is composed of a 10 µm thickness of 
single-crystalline silicon SOI rectangular structure acting as 
the lateral bulk acoustic resonator. The resonator and tether 
dimensions are 250 x 350 µm and 20 x 38 µm, respectively. 
The 0.5 µm thick piezoelectric AlN layer has a dimension of 
230 x 330 µm. This resonator consists of two interdigitated 
electrodes and an integrated thermal heating element of width 
5 µm, as shown in Fig. 1. The electrode shape has been 
chosen to support the 5th order lateral contour mode. 
 
 
Fig. 1. Simplified diagram of the rectangular resonator outlining the pads 
used for piezoelectric actuation and electrostatic tuning including two current 
heating elements. 
      A Finite Element (FE) model was developed using 
CoventorWare in order to design and simulate the 
piezoelectric resonator. The model was discretized with 20-
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node hexahedral elements and the grid size was prescribed 
following a mesh convergence study. To determine the quality 
factor, Qf  of the designed resonator, anchor losses had to be 
evaluated, since it is well known that when a MEMS device 
resonates, some portion of the elastic energy propagates 
through the tethers into the surrounding structure to which the 
device is attached. In anchor loss analysis, the assumption is 
that elastic waves do not reflect from the substrate back into 
the resonator. Thus, instead of modelling the whole substrate 
a cubical region of the substrate is included for this analysis 
[6]. 
          In order to extract the lumped circuit’s (Butterworth-
VanDyke model)[7] the parallel and series resonance 
frequencies fp and fs (defined in (1) and (2)), inductance Lm, 
capacitance Cm, and electromechanical coupling, keff (defined 
in (3)) of the designed resonator model, the CoventorWare 
FastPZE simulator was used [6]. The motional resistance Rm 
was deduced from (4), where Qf is obtained from anchor loss 
analysis.  
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B. Electrothermal and voltage tuning  
     The resonant frequency of the structure can be modified by 
inducing additional stresses in the device either via the 
application of a DC voltage  or else a temperature change. In 
the case of thermal tuning, an electrothermal heating element 
can be introduced in the design such that the the temperature 
increase, ΔT, is proportional to the power dissipated per unit 
volume. It has to be noted that the temperature increase of the 
device will also result in variations of the Young’s modulus, 
density and the dimensional length, L [5]  
     In addition to electrothermal tuning, the resonant frequency 
can be tuned by applying a DC voltage to the piezoelectric 
material on top of the resonator which introduced an a change 
in the stress state of the piezoelectric layer relative to the 
silicon layer.  
Two U-shaped, 5 µm wide aluminium electrodes in 
contact with SOI were symmetrically placed along the 
perimeter of the resonator structure as shown in Fig. 1. These 
electrodes are used to induce a current in the SOI layer for 
thermal heating. The temperature of the resonator can also be 
deduced from a resistance between these two electrodes in 
order to enable closed loop control.  
       In this work, characterization of the resonant frequency 
and quality factor of the fabricated MEMS resonators will be 
presented over a temperature variation induced via 
ovenization. The variation of the resonant frequency and the 
quality factor has also been investigated experimentally for 
DC voltage tuning. 
II. DESIGN AND SIMULATION  
FE simulations using Coventorware were carried out in 
order to predetermine the resonant frequency as well as to 
assess thermal and voltage tunability. Following a mesh 
convergence study based on modal analysis, a mesh element 
volumetric size of 5x5x2 µm was deduced as shown in Fig. 2 
 
Fig. 2: MemMech model analysis.  
     Applying zero displacement boundary conditions to the 
anchor parts of the resonator model and neglecting the 
piezoelectric effect in MemMech modal analysis, the fifth 
lateral bulk mode resonant frequency was found to be  
59.83 MHz as shown in Fig. 3. 
 
Fig. 3: Modal Analysis shows the 5th mode shape having resonant 
frequency of 59.83MHz. 
Another mesh conversion study was carried out, in order to 
determine the mesh element size to be used in MemMech 
simulation, for anchor losses analysis and the corresponding 
Qf. In MemMech simulation, linear Manhattan bricks were 
used to mesh the resonator and the substrate with same 
element size and the corresponding results are shown in 
Table 1. A 10 µm element size and 50 frequency points were 
found to give acceptable accuracy. This resulted in a simulated 
Qf value of 2874 at a resonant frequency fr of 60.367 MHz. 
 
Table. 1: Resonant frequency and Qf of the mesh conversion study for 
the designed resonator obtained from anchor losses analysis. 
  
     The simulations subsequently were carried out by 
considering the piezoelectic effect in Coventorware direct 
harmonic analysis, with a mesh size of 10 x 10 x 10 µm for 
both the resonator and substrate. A substrate cube of 
dimensions 400 x 400 x 400 µm was considered with quiet 
boundary conditions as well as symmetry boundary 
conditions, as shown in Fig. 4.  
 
Fig. 4: Meshed, symmetrical finite element analysis model for the 
anchor loss simulation including symmetry and quiet boundary 
conditions. 
 
        Following the simulation procedure described above the 
key lumped model Butterworth-VanDyke parameter are 
shown in Table 2. 
Table. 2: Extracted lumped circuit’s parameters (Butterworth-VanDyke 
model)- Fast PZE Results. 
Motional resistance, Rm 353 Ω 
Motional inductance, Lm  2.7 mH 
Motional capacitance, Cm  2.56 f F 
Series resonance 
frequency, fs 60.163 MHz 
Parallel resonance 
frequency, fp 60.174 MHz 
keff2 0.00034 
Q-factor 2919 
Capacitance to ground, C0  7.457 pF 
 
III.        FABRICATION AND CHARACTERISATION 
      Fig. 5 depicts the fabricated contour mode MEMS 
resonator including the integrated heating electrodes. Using a 
vector network analyzer, the frequency response of the 
designed resonator at room temperature was obtained as 
shown in Fig. 6, the resonant frequency, quality factor and 
motional resistance were found to be 61.348 MHz, 3153 and 
353 Ω respectively. These results are close to the simulated 
values of 60.367 MHz for the resonant frequency and 2,874 
for the quality factor.  
 
Fig. 5: Micrograph of the designed and fabricated contour mode 
MEMS resonator including the integrated heating elements. 
 
Fig. 6: Plot of the transmittance spectrum |S21(f)| for the 5th mode    
(fres simulation = 60.367 MHz, fres measured = 61.348 MHz). 
Experimental results of the thermal effect on the resonant 
frequency exhibits a linear decrease over a range of 278 to 
358 K. The experimental and simulated frequency-
temperature slopes have almost the same value 
of -2.025 kHz/K, as shown in Fig. 7. The inset in Fig. 7 
presents the transmission magnitude plots for the same 
temperature range. The measured heater resistance was found 
to be around 19 Ω at room temperature. 
Voltage tuning was also investigated experimentally and 
an almost linear decrease in the resonant frequency 
of -3.75 kHz/V over a DC tuning voltage range of 1-9 V was 
observed as shown in Fig. 8. The inset in Fig. 8 shows the 
transmission magnitude plots for different tuning voltages. 
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Fig. 7: Linear decrease in the resonant frequency (simulation and 
measured) versus temperature for the range of 278-358 K. The inset 
shows the transmission magnitude plots for different temperatures in 
steps of 5 K. 
 
Fig. 8: Linear decrease in the resonant frequency over a voltage tuning 
range of 1-9 V. The inset shows the transmission magnitude plots for 
different tuning voltages in steps of 1V. 
 
 
CONCLUSION 
    This paper presents experimental results for a 
PiezoMUMPs resonators where it was shown that a high 
quality factor is achievable using an AlN-based process. The 
feasibility of thermal and voltage tuning has also been shown 
experimentally and this is in agreement with finite element 
analysis simulation.  It was also observed that the quality 
factor remains approximately constant for both thermal and 
voltage tuning in the ranges considered. Both tuning 
techniques can be potentially used for compensation of 
process variations in high precision applications. 
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